Nitric oxide (NO) is used by mammalian immune systems to counter microbial invasions and is produced by bacteria during denitrification. As a defense, microorganisms possess a complex network to cope with NO. Here we report a combined transcriptomic, chemical, and phenotypic approach to identify direct NO targets and construct the biochemical response network. In particular, network component analysis was used to identify transcription factors that are perturbed by NO. Such information was screened with potential NO reaction mechanisms and phenotypic data from genetic knockouts to identify active chemistry and direct NO targets in Escherichia coli. This approach identified the comprehensive E. coli NO response network and evinced that NO halts bacterial growth via inhibition of the branched-chain amino acid biosynthesis enzyme dihydroxyacid dehydratase. Because mammals do not synthesize branched-chain amino acids, inhibition of dihydroxyacid dehydratase may have served to foster the role of NO in the immune arsenal.
M
ammals possess complex immune systems that have evolved to prevent microbial invasion. Nitric oxide (NO) is one of the key chemicals used by mammalian cells to combat infections (1) . Although NO is known to act in a bacteriostatic fashion (2) , the mechanism underlying this action is not completely understood. NO interferes with biological processes either directly, by reacting with metal centers and free radicals, or indirectly, by promoting the formation of reactive nitrogen oxide species (RNOS), such as peroxynitrite and N 2 O 3 (3) . NO has been reported to react with various protein Fe-S clusters (4) (5) (6) (7) , and this reactivity has been implicated in the inhibition of tumor proliferation (8) (9) (10) . NO also binds to the metal centers of respiratory enzymes, inhibiting bacterial respiration (11) (12) (13) . Because NO is used to combat Escherichia coli in low oxygen environments, it is likely that respiration is not the only system targeted by NO.
E. coli contains NO-consuming proteins NO reductase NorV (14) , NO oxidase HmpA (15, 16) , and cytochrome c nitrite reductase NrfA (17) . Expression of norV and hmpA is increased in response to NO by NO-specific transcription factors (TFs) NorR (18) and NsrR, respectively (19, 20) . Our goal here was to identify the comprehensive NO response network, consisting of the direct NO targets leading to bacteriostasis, the response network resulting from bacteriostasis, bacterial NO sensors for self-defense, and the response network for self-defense.
Previous genome-scale studies have used DNA microarrays to identify the global genetic response to NO (21) (22) (23) (24) . Although transcriptome analysis provides substantial information regarding changes in gene expression, examination of individual genes cannot distinguish primary from secondary effects and does not directly identify the TFs and pathways leading to the transcriptional changes. Because many promoters are controlled by multiple TFs, the identity of the TF responsible for mediating transcriptional perturbations is not always clear in ad hoc analysis. The situation worsens when comparing samples with different growth rates, because growth rate differences introduce many changes in metabolic genes. Furthermore, the stochastic properties of microarray technology result in a significant amount of noise that can skew a ''gene-level'' perspective.
Instead of focusing on transcriptional perturbation of individual genes, we used a systems biology perspective to identify the TFs and pathways governing the NO response based on the transcriptome data as a whole and the known underlying transcription network structure. To attain this goal we used network component analysis (NCA), a mathematically based approach that reflects the underlying biological structure of regulatory networks (25) (26) (27) . NCA is able to identify perturbed TFs and pathways from transcriptome data and separate the effects of multiple TFs. NCA accounts for the fact that many regulators require posttranslational modification, such as phosphorylation or ligand binding, to affect transcription. A change in TF activity (TFA) may not be accompanied by a change in TF transcript abundance. We were interested in identifying TFs that undergo a change in activity in response to NO. Because it was not feasible to directly measure the activity of all regulators, we used NCA as the first step to infer changes in TFA from the expression ratios obtained by transcriptome analysis.
Our approach was multipronged. (i) We used NCA of transcriptome measurements, which separates the effects of multiple TFs on the transcriptome (25, 26, 28) , to identify NO-responsive TFs.
(ii) Simultaneously, we created a putative reactome of RNOS targets by using known RNOS chemistry to scan the entire E. coli proteome and combined the results with the TFs responsive to NO to identify direct interactions between NO and the TFs. (iii) In addition, we used genetic knockouts and phenotypic experiments to validate the above screening results and determine key pathways responsible for NO-induced bacteriostasis. Combining these data allowed us to discriminate among the direct NO targets responsible for bacteriostasis, NO sensors for bacterial defense, and the underlying chemical and biological mechanisms. Finally, biochemical experiments were conducted to validate the direct NO target causing bacteriostasis, which is the Fe-S cluster of IlvD, a protein essential for branched-chain amino acid (BCAA) biosynthesis. NO is believed to alter the activity of Fe-S-containing proteins by reacting with the Fe-S center and forming a dinitrosyl-iron complex (DNIC) (3). Fe-S cluster properties, such as solvent accessibility, can impact NO's reactivity, which means that there will be variable sensitivity to NO among Fe-S-containing proteins (7) . Finally, overexpression of IlvD alone, but not another Fe-S protein isopropylmalate isomerase (LeuCD), was able to rescue the NO-induced growth inhibition, further supporting IlvD as the crucial target for NO-induced bacteriostasis. In the process of deducing this NO target, a comprehensive network was mapped that included circuits for defense against NO and metabolic responses to NO challenge.
Results

E. coli Adaptively Responds to NO.
We used sodium (Z)-1-(N,Ndiethylamino)diazen-1-ium-1,2-diolate (DeaNO), an NO donor with t1 ͞2 ϭ 2 min (37°C, pH 7.4), to deliver NO to the culture (29) . Exposure of E. coli to 8 M DeaNO induces bacteriostasis (Fig.  1A) . Even though NO is below the detection limit within 5 min (Fig. 1B) , growth inhibition lasts for 20 min. However, E. coli has an adaptive response to NO: the NO consumption rate increases after an initial DeaNO exposure (Fig. 1B) , and subsequent DeaNO challenge after growth recovery does not impact growth (Fig. 1C) . This adaptive behavior is indicative of a dynamic response network.
Transcriptome Network Component Analysis Identified NO-Responsive
Transcription Factors. As a first step in unraveling the adaptive response network, we observed the global transcriptional response to DeaNO. Transcriptome analysis compared transcript levels immediately before and 5 min after addition of 8 M DeaNO. The expression data were assigned 95% confidence intervals by using a MCMC (Markov Chain Monte Carlo) procedure (30) ; 709 genes were significantly perturbed [supporting information (SI) Table 1 ]. The MCMC procedure can identify statistically significant perturbations that do not meet the conventional ad hoc criterion of a 2-fold change, thus providing a better picture of network behavior. The complete MIAME-compliant dataset has been deposited in the GEO database (www.ncbi.nlm.nih.gov/geo).
Because ad hoc examination of individual genes cannot distinguish between primary and secondary effects, we used an integrated, multipronged approach to identify the NO response network. First, NCA identified perturbed TFs from transcriptome data. From this set of perturbed TFs, we can deduce the direct NO targets and relevant reaction chemistry. NCA uses an initial genome-wide transcriptional regulatory network, consisting of reported connections between genes and TFs [RegulonDB (31) , Ecocyc (32) , literature survey (20, 33) ] to estimate TFA ratios (25) (26) (27) . Because DeaNO induces growth retardation similar to the stringent response, a ''virtual'' stringent regulon, with a virtual regulator referred to as the stringent factor (SF), was constructed to account for growth-rate-associated effects (SI Table 2 ). The complete initial network is given in SI Table  3 ; genes with no known regulators were not included in the NCA.
NCA identified 13 significantly perturbed regulators (ArcA, ArgR, CRP, GatR, H-NS, IlvY, IscR, MetJ, NorR, NsrR, PurR, SF, and the leucine transcriptional attenuator, which is hereafter referred to as ''leu'') in the DeaNO response transcriptome data (Fig. 1D) . These results implicated potential NO sensors, NO targets, and secondary signaling pathways induced by NO. NorR and NsrR are known NO-specific TFs (18) (19) (20) , and IscR has been recently recognized as involved in the NO response (24); the remaining 10 regulators have not been previously associated with the NO response. Some regulators, such as NorR, are easily identified from the raw transcriptome data. NorR has only two regulon members, norV and norW, and both are activated more than 10-fold in response to DeaNO (SI Table 1 ). However, other perturbations are not as obvious; only half of the 70 regulon members of ArcA are significantly perturbed, and the majority of these perturbations are Ͻ2-fold. The fact that many of the regulatory perturbations are not obvious in the transcriptome data demonstrates the utility of NCA relative to an ad hoc analysis.
To verify the NCA results, we deleted individual TFs, reexamined the transcriptome response to DeaNO, and again analyzed the data with NCA (Fig. 1D) . Upon deletion of the TF in question (ArcA, ArgR, IscR, MetJ, NorR), NO-responsive transcriptional perturbations mediated by the TF were no longer observed, and NCA detected no change in regulator TFA, indicating that the apparent TFA changes are indeed caused by the TF and not by noise, artifacts in analysis, or other regulators.
For the ⌬nsrR strain, very few transcriptional changes were observed during DeaNO challenge (SI Table 1 ), suggesting that a NO protective mechanism was derepressed. NsrR is a negative regulator of hmpA, an NO oxidase (19, 20) . Deletion of hmpA in conjunction with nsrR restored most of the TFA changes observed in the WT strain (Fig. 1D) , confirming that the major role of NsrR is repression of hmpA. To avoid the masking effect of derepressed HmpA expression, transcriptome analysis focused on the ⌬nsrR/⌬hmpA strain instead of ⌬nsrR only. In the ⌬nsrR/⌬hmpA strain, the NsrR TFA appears to be perturbed (Fig. 1D) ; however, because the NsrR regulon (SI Table 3 ) is currently composed of four genes and only one (ytfE) is perturbed in this condition, this result is questionable.
Remarkably, deletion of iscR halves the number of perturbed TFs, suggesting that IscR regulates a protective mechanism against NO. IscR represses the general Fe-S cluster assembly and repair system (Isc), which contributes to the repair of NO-damaged Fe-S clusters (34) . The basal expression of the Isc system, including IscS (SI Fig. 6 ) is increased in the iscR mutant. The decrease of regulator perturbations in the absence of iscR indicates that Fe-S cluster damage is a major component of the NO response network. Thus, our analysis of deletion mutants implicated the defensive roles of the NsrR and IscR regulons and highlights their importance. Because deletion of H-NS, IlvY, or CRP resulted in sickly strains, we excluded these mutants from this analysis.
Although previous ad hoc analyses have identified Fur (23, 24) and FNR (5, 24) as regulators responding to RNOS, the TFA of these regulators was not altered in our analysis (Fig. 1D) . The transcriptomic response of fur and fnr deletion mutants resemble the WT response (data not shown), verifying that these TFs are not part of the NO response network in this condition.
Chemoinformatic Identification of Active NO Chemistry. We reasoned that primary NO targets and sensors must react directly with NO, and, thus, we scanned the E. coli proteome for potential RNOS-reactive targets; proteins containing heme, copper, nonheme iron, and Fe-S prosthetics were flagged as NO-reactive (SI Table 4 ). Although NO is unlikely to directly react with thiols, NO-derived RNOS could possibly target thiol groups, and, therefore, we have included the putative reactive thiol motif (35) in the list of potential targets. Within the RNOS reactome, there are 19 potential NO-reactive TFs, three (IscR, NorR, NsrR) of which were significantly perturbed by 8 M DeaNO (Fig. 2A) . Of the known RNOS-sensitive TFs, only those containing nonheme iron (NorR) and Fe-S clusters (NsrR and IscR) were perturbed, suggesting that the pertinent NO chemistry in our study involves direct reactions of NO with metal groups. This conclusion narrowed the scope of our search for potential protein targets with the focus on Fe, Fe-S, or heme prosthetics.
The list of potential NO targets includes the copper-heme and heme groups in cytochrome oxidases bo and bd, respectively. NO is known to inhibit bacterial respiration by direct reaction with these proteins (12, 13) . Both cytochromes modulate the quinone pool, in turn modulating ArcAB activity (36) . To assess whether the NOmediated ArcA perturbation was an effect of the NO/cytochrome interaction, we exposed E. coli to KCN, which also targets the cytochromes, and measured the expression of an ArcA reporter gene, cydA, with real-time RT-PCR. KCN, like DeaNO and NO delivered in solution, increased cydA expression (Fig. 2B ). In the absence of arcA or arcB, expression of cydA was not activated in response to NO, indicating that the activation signal was transduced by the ArcAB system (data not shown). Because ArcA responds similarly to KCN and NO, it is likely that ArcA activation is a consequence of cytochrome targeting by NO.
Phenotypic Analysis of Transcription Factor/Bacteriostasis Relationship. Next, we systematically deleted each NO-responsive TF and examined its role in the bacteriostatic response. Because we were interested in observing phenotypic differences relative to the WT, slow growing mutants (ArgR, H-NS, IlvY, CRP) were excluded from this analysis. arcA, purR, and metJ deletion mutants manifested no phenotype relative to the WT (Fig. 3A) , indicating that they were not primary mediators of bacteriostasis in our condition. nsrR and iscR mutants exhibited increased NO resistance, and the norR mutation slightly increased sensitivity. NO measurements confirmed that NO consumption was increased in the nsrR mutant (Fig. 3B) , consistent with the idea that hmpA expression is repressed by NsrR. In contrast, IscR deletion did not alter the NO consumption rate (Fig. 3B) , suggesting that IscR deletion conferred NO resistance by derepression of Fe-S protein repair, rather than by increased NO consumption. YtfE, which has been linked to the anaerobic NO response (22) and Fe-S assembly (37), does not appear to play a role in protection from bacteriostasis (Fig. 3A) or NO consumption (data not shown). NorR deletion did not change the NO consumption rate appreciably (data not shown), given that this mechanism is mainly used under anaerobic conditions. Because the putative ''stringent factor'' cannot be deleted, we ''short-circuited'' this regulon by supplementation with casamino acids before NO challenge. Casamino acid supplementation conferred resistance to bacteriostasis (Fig. 3A) . To determine whether there were any specific amino acids (AAs) that conferred resistance to DeaNO, we measured the effect of single AA supplements on growth (Fig. 3A) . Met, Thr, and BCAAs reduced the impact of DeaNO on growth. When E. coli was grown in the presence of all three BCAAs, 8 M DeaNO no longer affected growth (Fig. 3A and SI Fig. 7) ; however, when the cultures were (Fig. 3A) . These results indicate that BCAAs are of key importance in NO-induced growth inhibition. Because homoserine, Met, SAM (S-adenosylmethionine), and Thr can reduce the extent of growth inhibition, but are not requisite for NO resistance, it is possible that these supplements confer protection by increasing metabolite flux toward BCAA biosynthesis. This hypothesis is supported by the observation that Met supplementation relieved growth inhibition (Fig. 3A) without dramatically altering NO consumption (Fig. 3B ).
NO Induces Bacteriostasis by Damaging the Fe-S Cluster of IlvD.
Because IscR deletion and BCAA supplementation both confer resistance to NO without increasing NO consumption, it is plausible that they act through the same general mechanism. NO damages Fe-S clusters (7), and Fe-S cluster damage can lead to AA auxotrophies (38) . Because the Fe-S cluster repair genes have increased expression in the ⌬iscR mutant before NO treatment (SI Fig. 6 ), we hypothesized that stringent factor activation and bacteriostasis are a result of Fe-S cluster damage in BCAA biosynthesis pathways.
Of the 98 potential Fe-S NO targets in E. coli, only IlvD and LeuCD are involved in BCAA biosynthesis. Whereas IlvD is required for synthesis of all three BCAA, LeuCD is specific to Leu production. Because supplementation with all three BCAAs is required for complete growth protection (Fig. 3A and SI Fig.  7 ), it appears that IlvD, and not LeuCD, is the NO target leading to bacteriostasis. The Fe-S cluster of IlvD is vulnerable to attack from superoxide (39, 40) ; to determine whether IlvD is also vulnerable to NO, we measured the effect of DeaNO on enzyme activity. IlvD activity in crude extract was significantly (P Ͻ 0.01) decreased after exposure to DeaNO (Fig. 4A) . Because we believe that deletion of iscR counters bacteriostasis by enhancing IlvD repair, we measured the impact of DeaNO on in vivo IlvD activity for the WT and ⌬iscR strains. As expected, IlvD activity was transiently decreased by DeaNO in the WT, but not in the ⌬iscR strain (Fig. 4B) . Additionally, whereas increased expression of IlvD resulted in increased DeaNO resistance, overexpression of potential NO target LeuCD did not (Fig. 4C) . These results show that NO damages the Fe-S cluster of IlvD and that this damage leads to bacteriostasis. However, these results do not imply that IlvD is the only Fe-S protein damaged by NO; it is simply the critical target for bacteriostasis. Because E. coli does not possess an IlvD-independent route to BCAA biosynthesis, inhibition of IlvD will result in the depletion of the BCAA pool and subsequent initiation of the stringent response and bacteriostasis.
Taken together, E. coli responds to NO challenge at several levels (Fig. 5) . First, NO induces the defense mechanisms of E. coli by direct interaction with NO sensors NsrR and NorR, which derepresses hmpA and induces norVW, respectively. These mechanisms destroy NO by oxidation and reduction. If these defense efforts are insufficient, NO begins to damage the Fe-S center of IscR, which in turn induces the isc operon for Fe-S repair. Meanwhile, damage to IlvD causes BCAA starvation and induces the stringent response and bacteriostasis. Disturbance of the BCAA pathway results in perturbation of other AA pathways. Meanwhile, NO directly inhibits respiratory enzymes, which in turn perturbs the ArcAB regulon. However, respiration inhibition may not induce bacteriostasis, because E. coli can grow without the aerobic electron transport system.
Discussion
The guiding principle behind our approach was that chemical challenges to the cell would ultimately be manifested in a transcriptional response. Therefore, the transcriptome was a good starting point for attempting to reverse engineer the response network of an organism. Because the noise associated with global transcriptome analysis can confound a gene-level analysis, we approached this problem with a systems biology perspective that was backed by experimental validation. We used NCA to identify the regulatory interface between NO chemistry and transcriptomic output. Integration of the phenotypically relevant regulatory networks with the putative RNOS reactome revealed that NO primarily impacts E. coli through direct interaction with protein metal centers in a network that comprises NO sensors, NO defense, NO targets, and the ensuing metabolic response (Fig. 5) . NsrR, NorR, and IscR are NO sensors and induce defensive effects. Previously recognized NO sensors NsrR and NorR mediate increased expression of NO detoxification systems. IscR regulates repair of NO-mediated Fe-S damage via the Isc system. Although other members of the IscR regulon possibly contribute to NO defense, the poor growth exhibited by iscS mutants (41) makes it difficult to characterize the NO response in the absence of the Isc system. NO targets are crucial proteins whose injury by NO induces a significant metabolic response. Cytochromes bo and bd have previously been recognized as NO targets (11) (12) (13) , which was confirmed in our study; however, our approach further showed that IlvD damage was the underlying cause of bacteriostasis in our condition. Thus, by using this combined approach, we discovered a major component of the human-E. coli relationship that has relevance to treatment of infection.
In addition to causing bacteriostasis, IlvD damage results in a cascade of metabolic responses including the stringent response and perturbation of metabolic regulators PurR, MetJ, ArgR, GatR, and IlvY (Fig. 5) . Decreased BCAA availability limits translation, which serves as a signal for activation of the SF and PurR TFs. Because the abrupt stoppage of translation removes a sink for the remaining AAs, activation of ArgR and MetJ may be the result of accumulation of Arg and Met. Additionally, the reduced Thr demand results in an increase in homoserine flux through the Met biosynthesis pathway and subsequent activation of MetJ. Furthermore, IlvD inhibition will result in a build-up of upstream intermediates which activate IlvY.
In support of the importance of BCAA biosynthesis to the struggle between the immune system and E. coli, a recent report by Roos and Klemm indicates that BCAA biosynthesis genes are up-regulated in E. coli growing in the urinary tract (42) . Because humans do not possess the BCAA biosynthesis machinery, it makes sense that our immune system would target this system. Targeting IlvD will slow bacterial proliferation by inhibiting translation without inducing a similar effect in mammalian systems. Because IlvD is highly conserved (Ͼ97% protein sequence homology compared with the K12 strain) in the enterohemorrhagic O157:H7 and uropathogenic CFT073 strains, it is a prime candidate for therapy.
Materials and Methods
Cell Growth. BW25113 was grown aerobically to mid-log (OD 600 , 0.4-0.5) from an initial OD 600 of 0.05 at 37°C in Mops/0.2% glucose, as described previously (43) , in baffled flasks at 1/10 to 1/5 total volume and shaken at 250 rpm. AA supplementation studies used the concentrations given in ref. 44 . DeaNO (Cayman Chemical, Ann Arbor, MI) solutions were made on the day of use with cold Tris/saline buffer (pH Ͼ 10.5).
Cell Harvesting, RNA Purification, and Microarray. Half of the cell culture was withdrawn for RNA purification as the reference time point; the remainder was harvested 5 min after treatment. Harvested cells were swirled in a dry ice/ethanol bath for 45 seconds, concentrated by centrifugation at 4°C and 8,000 ϫ g for and 10 min, resuspended in 1 ml of RNA Later (Qiagen, Valencia, CA), and stored at Ϫ80°C until RNA purification. RNA purification, array design, hybridization, and analysis were performed as previously described (28) , with the exception that the Array-Ready Oligo Set (Qiagen) was used for probes.
Network Component Analysis. NCA is an algorithm that can identify changes in TFA when only a subset of a regulon is perturbed (25, 26) , which is useful in deconvoluting the output of combinatorial regulation; however, caution should be taken when only a small number of perturbations are considered. NCA decomposed significant gene expression perturbations into TFA ratios and control strengths. The expression and connectivity matrices are, respectively, derived from SI Tables 1 and 3 . To determine whether a TF was significantly perturbed in a given experiment, we built null distributions of TFAs and then performed z tests on individual data points of every TFA. The null TFA distributions were constructed by: (i) randomly selecting N genes from the genome, where N is the size of the original network; (ii) NCA decomposition of the expression data to obtain TFAs of the random network; and (iii) repeating steps i and ii 100 times.
Chemoinformatic Analysis. Potential RNOS-reactive targets were identified by searching the proteome annotation of E. coli for iron, heme, or copper prosthetic groups. Reactive thiol candidates were identified by scanning the protein sequence of E. coli for the characteristic ''acidic AA-Cys-basic AA'' motif. All analyses were performed by using BioWarehouse version 3.5 (45); this database was queried for proteins with experimentally verified and computationally predicted cofactors known to be RNOS-reactive. NO also induces a shift in the respiratory system by inhibiting cytochrome bo and bd oxidase. The defense system contains modules for NO detoxification and repair of critical damage; these modules are regulated by proteins that directly sense NO (IscR, NsrR, NorR). NsrR mediates the expression of the aerobic NO detoxification system, NorR controls anaerobic NO detoxification, and IscR controls expression of the Fe-S repair system.
